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The  power  required  to  create  an  ionized  plasma  is  a  significant  energy  loss  mechanism  in 
typical  electric  propulsion  systems.  The  use  of  wave-driven  helicon  sources  is  one  approach 
that  has  been  considered  as  a  means  of  reducing  this  loss  due  to  the  reportedly  low  ionization 
cost  found  in  these  devices.  In  order  to  extend  the  benefits  of  the  helicon  ionization 
mechanism  to  the  widest  possible  array  of  devices,  a  program  has  been  initiated  to  develop 
and  demonstrate  a  helicon  operating  in  an  annular  configuration.  A  15-em  diameter  helicon 
source  has  been  operated  on  both  argon  and  xenon  gas  at  power  levels  ranging  from  200W 
to  3.2  kW  and  magnetic  field  strengths  up  to  1.6  kG  for  both  cylindrical  and  annular 
configurations.  Measurements  of  the  resultant  plasma  load  impedance  have  revealed 
distinct  transitions  to  a  high-resistance,  visually  bright  regime  associated  with  operation  in 
the  helicon  mode.  The  qualitative  similarity  of  the  load  response  for  both  geometric 
configurations  supports  the  notion  that  helicon  sources  can  be  created  in  both  cylindrical 
and  annular  modes. 


Nomenclature 

Bo 

= 

magnitude  of  DC  magnetic  flux 

c 

= 

speed  of  light  in  vacuum 

e 

= 

electron  charge 

Er 

= 

resonant  energy 

1 sp 

= 

specific  impulse 

k 

= 

axial  wave  number 

L 

= 

length  of  half-wavelength  antenna 

m 

= 

azimuthal  wave  mode  (integer) 

me 

= 

electron  mass 

• 

mi 

= 

propellant  mass  flow  rate 

M 

= 

ion  mass 

n0 

= 

electron  number  density 

P 

x  ionization 

= 

ionization  power 

p 

i  input 

= 

input  electrical  power 

B thrust 

= 

thrust  power 

r 

= 

radial  coordinate 

Rr 

= 

load  resistance  of  antenna  and  plasma 

V„ 

= 

wave  phase  velocity 

Vz 

= 

axial  component  of  ion  exit  velocity  (mass  averaged) 

T/P 

J x  input 

= 

thmst-to-power  ratio 

xP 

= 

load  reactance  of  antenna  and  plasma 

Z 

= 

axial  coordinate 

7 

^lmag 

= 

reactive  part  of  Ztot 

Zreal 

= 

resistive  part  of  Ztot 

Ztot 

= 

combined  impedance  of  the  matching  network,  antenna,  and  plasma 
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a 

=  total  wave  number 

ft 

=  thrust  efficiency 

ft  ideal 

=  ideal  thrust  efficiency 

0 

=  azimuthal  coordinate 

Po 

=  permeability  of  free  space 

CO 

=  angular  frequency  of  wave 

COc 

=  electron  cyclotron  frequency 

®LH 

=  lower  hybrid  frequency 

COp 

=  electron  plasma  frequency 

4 

=  ionization  cost  (energy  per  ion) 

I.  Introduction 

Electric  propulsion  (EP)  systems  are  entering  routine  use  for  orbit  topping  and  stationkeeping  maneuvers  onboard 
modern  spacecraft.  Due  to  their  high  specific  impulse  compared  to  chemical  propulsion  systems,  EP  devices 
offer  significant  reductions  in  the  propellant  mass  required  to  perform  a  given  mission.  One  of  the  most  important 
figures  of  merit  used  to  characterize  the  performance  of  an  EP  system  is  its  thrust  efficiency,  which  is  a  measure  of 
how  effectively  input  power  from  a  spacecraft  bus  is  transformed  into  propulsive  thrust  power.  In  its  most 
fundamental  form,  the  efficiency  of  a  device  can  be  written  as  shown  in  Eqn.  1 . 
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thrust 
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input 
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With  the  exception  of  electrothermal  thrusters,  which  function  by  heating  a  working  gas  and  expanding  it 
through  a  nozzle  to  create  thrust  in  a  manner  that  is  similar  to  conventional  rocket  engines,  most  EP  devices  rely  on 
the  application  of  electric  and  magnetic  fields  to  an  electrically-charged  propellant.  While  there  are  exceptions, 
most  notably  in  the  form  of  ionic  liquids  that  are  often  used  in  micropropulsion  devices,  in  many  cases  the 
“electrically-charged  propellant”  is  first  created  by  ionization  of  an  initially  neutral  working  fluid.  The  resultant 
plasma  is  then  accelerated  either  electrostatically  or  electromagnetically.  In  such  devices,  the  overall  operation  of 
the  thruster  can  be  divided  into  two  main  processes:  ionization  and  acceleration.  Although  the  physical  mechanisms 
employed  to  induce  ionization  and  acceleration  vary  as  a  function  of  the  type  of  thruster  considered,  both  processes 
inevitably  require  input  power.  Ignoring  ancillary  losses  (e.g.  heater  power,  thermal  losses,  beam  divergence,  etc.) 
that  are  specific  to  a  given  type  of  thruster,  the  maximum  achievable  efficiency  can  be  written  as  in  Eqn.  2,  where 
the  ionization  and  thrust  powers  are  defined  as  shown  in  Eqns.  3  and  4. 
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Equation  2  illustrates  the  intuitively  obvious  concept  that  the  efficiency  of  a  thruster  is  maximized  when  the  ratio 
of  ionization  power  to  thrust  power  is  minimized.  This  ratio,  in  turn,  is  shown  by  Eqn.  5  to  be  linearly  related  to  the 
ionization  cost,  which  is  defined  as  the  input  energy  required  to  produce  a  single  ion.  Although  the  theoretical 
minimum  value  of  the  ionization  cost  is  a  function  of  only  the  type  of  propellant  gas  used,  the  actual  ionization  cost 
is  also  dependent  on  the  ionization  mechanism  employed  and  is  often  found  to  be  several  times  greater  than  the 
theoretical  minimum.  For  example,  the  DC  bombardment  mechanism  employed  by  devices  such  as  Flail  thrusters 
and  gridded  ion  engines  typically  results  in  an  ionization  cost  that  is  approximately  a  factor  of  ten  higher  than  the 
theoretical  minimum. 1,2  Inefficiencies  in  the  ionization  process  clearly  result  in  a  limitation  on  the  ultimate 
efficiency  that  is  achieved  by  EP  devices  at  any  operating  condition.  This  limitation  becomes  more  acute  when  one 
considers  the  effect  of  operating  at  reduced  specific  impulse.  In  many  situations,  a  propulsive  maneuver  or  orbit 
transfer  must  be  conducted  in  a  specified  amount  of  time  to  achieve  mission  objectives.  In  such  cases,  there  is  a 
minimum  thmst-to-power  ratio  that  must  be  achieved  to  provide  the  spacecraft  with  a  certain  velocity  increment  in 
an  allotted  time  period.  As  shown  by  Eqn.  6,  operating  at  an  elevated  thrust-to-power  ratio  necessitates  operating  at 
reduced  specific  impulse.  When  combined  with  Eqns.  2  and  5,  this  relationship  clearly  indicates  the  reduction  in 
maximum  efficiency  that  results  from  operation  at  an  elevated  T/P  ratio.  Minimization  of  the  ionization  cost  is 
therefore  especially  critical  for  achieving  high  efficiency  operation  in  this  regime. 

=  ,6) 

gJsp 

One  approach  that  may  be  considered  to  improve  the  performance  of  EP  devices  is  to  replace  or  supplement  the 
inefficient  DC  electron  bombardment  ionization  mechanism  with  a  more  efficient  ionization  process.  One  device 
that  appears  promising  is  the  helicon  source,  which  functions  by  injecting  RF  energy  in  the  presence  of  a  static 
magnetic  field  to  produce  cylindrically-bounded  whistler  waves.  These  waves  follow  the  dispersion  relation  shown 
in  Eqn  7  and  can  exist  in  the  frequency  range  given  by  Eqn.  8.  Flelicon  sources  are  often  regarded  as  one  of  the 
most  efficient  methods  for  producing  a  high-density,  low-temperature  plasma.1'  4  In  fact,  it  has  been  claimed  by 
some  groups  that  the  actual  ionization  cost  in  a  helicon  source  can  approach  the  theoretical  minimum,  which  is  the 
first  ionization  energy  of  the  working  fluid.4  Others  have  reported  actual  ionization  costs  more  than  an  order  of 
magnitude  higher  for  helicons  operating  on  light  gases.  5 
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In  addition  to  some  uncertainty  in  the  true  ionization  cost  in  a  helicon  discharge,  another  factor  that  complicates 
integration  of  such  a  source  with  some  EP  devices  is  its  cylindrical  geometry.  Until  recently,  all  published  works  on 
helicon  sources  have  focused  on  cylindrical  configurations,  which  is  understandable  considering  that  satisfaction  of 
the  governing  wave  equations  is  accomplished  by  application  of  cylindrical  boundary  conditions  in  the  presence  of 
an  axial  magnetic  field.  The  cylindrical  geometry,  unfortunately,  is  not  readily  suitable  to  straightforward 
integration  with  annular  devices  such  as  Flail  thrusters  and  certain  types  of  field-reversed  configurations.  Recent 
analysis,  however,  has  revealed  that  helicon  waves  can  also  exist  and  be  excited  in  an  annular,  rather  than  purely 
cylindrical,  geometry.2'6'7  In  light  of  this,  a  program  has  been  initiated  to  build  and  characterize  an  annular  helicon 
source.  The  ultimate  goals  of  this  program  are  to: 

•  Experimentally  validate  the  analytical  result  showing  that  helicons  can  exist  in  an  annular  configuration 

•  Measure  the  ionization  cost,  in  a  helicon  source  as  a  function  of  source  geometry  (cylindrical  or 
annular),  working  gas  type,  antenna  geometry,  static  magnetic  field  strength,  and  input  power 

•  Develop  a  theoretical  and  experimental  basis  for  designing  cylindrical  and  annular  helicon  sources 
capable  of  achieving  very  low  ionization  costs;  and 
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•  Assess  the  viability  of  cylindrical  or  annular  helicons  to  serve  as  ionization  sources  for  a  variety  of 
plasma  accelerators. 

In  this  paper,  initial  efforts  to  establish  helicons  in  both  cylindrical  and  annular  geometries  are  discussed.  Basic 
operating  characteristics  of  a  helicon  source  operating  at  power  levels  ranging  from  200  W  to  3.2  kW  at  magnetic 
fields  of  0  to  1.6  kG  are  revealed  for  operation  on  both  argon  and  xenon  gas.  Plasma  impedance  characteristics 
inferred  from  the  parameters  of  an  RF  matching  network  are  compared  to  theoretical  results  predicting  the  basic 
behavior  of  helicon  sources.8 


II.  Experimental  Setup 


A.  Helicon  Source 

The  main  structural  component  of  the  helicon  source  used  in  this  experiment  is  a  quartz  tube  with  an  inner 
diameter  of  15  cm,  an  outer  diameter  of  15.6  cm,  and  a  length  of  approximately  1.2  m.  When  operated  in  annular 
mode,  a  Pyrex  cylinder  with  an  outer  diameter  of  10  cm  is  inserted  along  the  centerline  of  the  device  to  form  an 
annular  space  with  a  channel  width  of  2.5  cm  and  a  mean  diameter  of  12.5  cm.  This  inner  cylinder  can  be  removed 
and  replaced  as  necessary  to  rapidly  convert  the  source  from  cylindrical  to  annular  mode  and  vice  versa.  In  either 
geometric  configuration,  propellant  gas  is  fed  into  the  device  using  digital  Unit  mass  flow  controllers.  With  the 
present  setup,  mass  flows  up  to  250  standard  cubic  centimeters  per  minute  (seem)  of  xenon  or  750  seem  of  argon 
can  be  achieved. 


Figure  1.  A  15-cm  diameter  helicon  source. 


The  static  magnetic  field  required  for  helicon  operation  is  supplied  by  five  large,  water-cooled  electromagnets 
having  an  inner  diameter  of  approximately  25  cm.  These  magnets  are  connected  in  series  and  powered  by  a  variable 
DC  power  supply  with  a  maximum  current  rating  of  500  A.  The  axial  magnetic  field  profile  resulting  from  this 
configuration  is  shown  in  Fig.  2.  As  shown,  the  variation  in  magnetic  field  magnitude  was  less  than  ±10%  over 
most  of  the  working  volume.  The  average  magnetic  field  strength  was  variable  from  0  to  over  1600  gauss. 
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Z  (cm) 

Figure  2.  The  axial  magnetic  field  profile  in  the  helicon  source.  Field  values  have  been  normalized  to 

their  average  value  for  a  given  magnet  current. 


B.  RF  Power  Circuit 

The  helicon  used  in  this  experiment  was  powered  by  an  ENI  model  OEM-50  RF  generator  capable  of 
outputting  up  to  5  kW  at  a  fixed  frequency  of  13.56  MElz.  The  forward  and  reflected  power  delivered  to  the 
plasma  were  measured  by  a  Bird  4421  power  meter  and  4027A10M  sensor  head.  RF  power  was  injected  into  the 
device  via  a  double-strap  m=0  antenna,  where  m  is  the  azimuthal  wave  number  describing  the  rotation  of  electric 
and  magnetic  wave  fields  according  to  Eqn.  9.  This  simple  antenna  consists  of  two  circular  copper  straps 
surrounding  the  outer  quartz  tube  and  connected  such  that  the  RF  currents  in  each  strap  are  180  degrees  out  of 
phase  with  each  other.  Although  antennas  designed  to  excite  the  m=l  mode  have  been  reported  to  produce 
slightly  higher  plasma  densities,8'9  the  symmetric  m=0  mode  antenna  was  chosen  for  this  experiment  due  to  its 
inherent  simplicity  and  the  ability  to  easily  change  the  driving  wavelength  by  simply  changing  the  distance 
between  the  antenna  straps.  Except  where  otherwise  noted,  all  measurements  reported  here  were  obtained  with 
the  antenna  straps  spaced  20  cm  apart.  The  location  of  the  antenna  relative  to  magnetic  field  profile  can  be  seen 
in  Fig.  2.  For  cases  where  the  antenna  spacing  was  varied,  the  upstream  strap  (the  one  at  z=0  in  Fig.  2)  was  kept 
constant  while  the  downstream  strap  was  moved  to  obtain  the  desired  antenna  length. 

B  =  B(r)exp[i(m0  +  kz  -  cot)]  E  =  E(r)  exp [i(m 0  +  kz  -  cot )]  (9) 

RF  power  was  coupled  to  the  antenna,  and  ultimately  the  plasma,  via  a  Comdel  CPM80  matching  network. 
This  network  is  a  “T”  type,  capacitive  network,  and  can  be  seen  in  Fig.  3,  which  also  shows  the  overall  RF  circuit 
setup.  In  this  matching  network,  the  values  of  capacitors  Ca  and  Cb  are  automatically  tuned  by  a  PID  circuit  in 
order  to  minimize  reflected  power  and  maximize  the  power  delivered  to  the  plasma.  The  shunt  capacitor,  Cflx,  may 
be  adjusted  manually  between  runs,  but  was  kept  constant  for  the  duration  of  this  test. 
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Figure  3.  Electrical  setup  of  helicon  experiment. 


Matching  network  /  antenna 
load  equivalent  circuit 


In  addition  to  matching  the 
impedance  of  the  antenna/plasma  system 
to  that  of  the  RF  generator,  the  matching 
network  used  in  this  experiment  was  also 
used  as  a  rudimentary  diagnostic. 

Because  the  RF  generator  is  designed  to 
deliver  power  to  a  500  load, 
measurements  of  the  capacitor  values 
resulting  in  a  well-matched  system  (i.e.  a 
system  in  which  the  reflected  power  is 
low,  typically  less  than  1%  of  the 
forward  power)  can  be  used  to  deduce 
the  impedance  of  the  loaded  antenna  and 
plasma.  This  is  accomplished  with  the 
help  of  the  equivalent  circuit  shown  in 
Fig.  4,  where  Rp  is  the  real  (resistive) 
part  of  the  load  impedance  and  Xp  is  the 
imaginary  (reactive)  part.  Using  this 
model,  the  total,  resistive,  and  reactive 
parts  of  the  load  impedance  can  be 

written  as  shown  in  Eqns.  10-12,  respectively.  By  equating  the  real  part  of  the  impedance  to  500  and  the  imaginary 
part  to  0,  the  conditions  that  must  be  approached  for  a  well-matched  system,  the  resulting  system  of  equations  can  be 
solved  numerically  to  deduce  the  components  of  the  load  impedance  in  terms  of  Ca,  Cb,  and  Cgx.  It  is  worth  noting 
that  in  this  framework  the  impedance  of  the  antenna  itself  is  not  explicitly  separated  from  that  of  the  plasma  and 
hence  the  “load  impedance”  is  that  of  the  antenna  and  plasma  combined. 


Figure  4.  Equivalent  circuit  for  assessing  the  load  impedance  of  the 
antenna  and  plasma. 
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C.  Vacuum  Chamber 

For  these  experiments,  the  helicon  source  was  attached  to  Chamber  5A  at  the  Air  Force  Research  Laboratory 
(AFRL)  via  a  mechanical  bellows  as  shown  in  Fig.  1.  Chamber  5 A  is  a  diffusion-pumped,  stainless  steel  vacuum 
chamber  measuring  approximately  1.5m  in  diameter  and  1.8m  in  length.  This  chamber  typically  achieves  a  base 
pressure  of  approximately  2.5xl0'4  Torr  as  indicated  by  a  cold  cathode  gauge  calibrated  for  air.  When  100  seem  of 
argon  is  flowed  into  the  system,  the  background  pressure  rises  to  approximately  5xl0"J  Torr. 


III.  Results 

As  an  initial  test  of  the  experimental  setup,  the  helicon  was  first  operated  in  a  cylindrical  mode  on  both  xenon 
and  argon  gases.  Measurements  of  load  impedance  were  obtained  and  compared  to  both  theoretical  predictions  and 
experimental  values  obtained  by  other  groups  to  verify  that  a  helicon  plasma  (as  opposed  to  a  capacitively-  or 
inductively-coupled  discharge)  could  be  obtained.  This  was  first  accomplished  by  flowing  100  seem  of  argon  into 
the  cylindrical  helicon  and  observing  the  response  of  the  plasma  load  to  changes  in  magnetic  field  strength,  applied 
RF  power,  and  antenna  spacing.  Figure  5,  below,  shows  the  measured  load  resistance  and  reactance  as  a  function  of 
applied  magnetic  field  strength.  As  the  magnetic  field  strength  is  increased  at  constant  applied  power,  the  load 
resistance  initially  rises  to  a  peak  at  approximately  50-100G  before  decreasing  and  asymptoting  to  near  its  zero  field 
value  as  the  magnetic  field  is  increased  further.  Similarly,  the  load  reactance  initially  rises  to  a  maximum  around 
50-100G  before  declining  and  leveling  off  at  a  value  approximately  halfway  between  the  zero  field  condition  and  the 
maximum. 
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Figure  5.  Load  impedances  for  a  15-cm  diameter,  cylindrical  helicon  discharge  operating  with  an  argon 

flow  of  100  seem.. 


The  behavior  shown  above  can  be  compared  to  the  analytical  results  of  Shamrai,  et  al.  who  have  calculated  the 
load  impedance  of  an  m=0  mode  antenna  coupled  to  a  helicon  plasma  with  similar,  though  not  identical,  geometry. 
These  predictions  are  shown  in  Fig.  6.  Comparison  of  the  experimental  results  to  the  analytical  predictions  is 
difficult  due  to  the  fact  that  the  plasma  density  is  not  yet  known  for  the  experimental  case.  In  the  absence  of 
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experimental  plasma  density  values,  there  are  two  limiting  cases  that  may  be  considered:  constant  density  or  density 
scaling  linearly  with  magnetic  field  strength.  The  case  of  constant  density  corresponds  to  a  situation  in  which  the 
static  magnetic  field  has  no  significant  effect,  that  is  in  the  case  of  a  non-resonant  capacitive  discharge.  In  this  case, 
one  would  expect  the  load  resistance  to  show  multiple  peaks  as  the  magnetic  field  is  increased.  Clearly  this  is  not 
the  trend  displayed  in  Fig.  5.  The  other  limiting  case  where  density  is  proportional  to  applied  magnetic  field 
strength  is  expected  to  more  closely  resemble  the  actual  situation.  This  can  be  deduced  by  first  noting  that  the 
dispersion  relation  given  as  Eqn.  7  predicts  a  linear  relation  between  these  parameters  for  constant  values  of 
wavenumber  and  frequency.  Second,  the  predicted  linear  relationship  between  density  and  magnetic  field  has  been 
observed  previously  for  RF  discharges  operating  in  the  helicon  mode.  In  this  case,  one  may  expect  the  load 
resistance  to  initially  increase  with  magnetic  field  as  the  discharge  transitions  from  a  non-resonant  inductive  mode  to 
the  wave-driven  helicon  mode.  Following  transition  to  helicon  mode,  the  resistance  could  then  remain  nearly 
constant  as  density  increases  linearly  with  magnetic  field  along  the  low-resistance,  constant  n/B  trajectories  shown 
in  Fig.  6.  Thus,  the  behavior  displayed  in  Fig.  5  is  consistent  with,  though  certainly  not  conclusive  proof  of, 
operation  in  helicon  mode. 


Figure  6.  Analytical  predictions  of  load  impedance  behavior  for  a  12.5-cm-diameter,  helicon  source 
excited  with  an  m=0  antenna  and  operated  with  an  argon  pressure  of  1  mTorr  (from  Ref.  8).  Resistance 
(R)  and  inductance  (Lp)  are  shown  as  a  function  of  plasma  density  (n,  in  1011  cm'3)  and  magnetic  field  (B, 

in  Gauss). 

Following  the  experiments  varying  magnetic  field  strength,  a  brief  set  of  experiments  was  conducted  in  which 
magnetic  field  strength  and  argon  flow  rate  were  held  constant  while  RF  power  was  varied.  The  resulting  load 
impedances  are  given  in  Fig.  7  and  show  a  nearly  constant  resistance  until  a  distinct  jump  occurring  at  high  power. 
The  power  level  at  which  the  increase  in  resistance  is  manifested  is  approximately  2.8  kW  for  a  500G  field  and 
roughly  3.2  kW  for  a  1000G  field.  Pictures  of  the  discharge  at  various  power  levels  are  shown  in  Fig.  8.  As  one 
would  expect,  the  visual  brightness  of  the  plasma  increases  with  increasing  power.  At  the  highest  power  setting  of 
3.0  kW,  the  axial  extent  of  the  bright  plasma  column  extends  noticeably.  The  distinct  visual  transition  to  this  mode 
occurs  at  the  same  time  as  the  pronounced  increase  in  load  resistance  shown  in  Fig.  7.  This  transition  behavior  is 
qualitatively  similar  to  the  jumps  in  plasma  density  that  have  been  commonly  reported  as  power  is  increased  in  an 
RF  discharge. 10-11  Ellingboe  and  Boswell  have  attributed  this  behavior  to  transition  from  a  non-resonant, 
inductively  coupled  plasma  mode  to  a  helicon  mode. 12  The  reproduction  of  this  behavior  in  the  present  experiment 
suggests  that  a  true  helicon  discharge  is  indeed  being  achieved,  at  least  for  the  highest  power  experimental 
conditions. 
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Figure  7.  Impedance  of  a  15-cm  diameter  RF  discharge  as  a  function  of  applied  power  for 
constant  magnetic  field  strength  and  an  argon  flow  rate  of  100  seem. 
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Figure  8.  An  RF  discharge  at  various  power  levels  for  a  constant  magnetic  field  of  500G  and  an  argon 
flow  rate  of  100  seem.  The  applied  power  levels  were  a.)  200W,  b.)  1000W,  c.)  2000W,  and  d.)  3000W. 
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The  final  parametric  variation  that  was  conducted  was  a  limited  study  of  the  effect  of  antenna  length  on  helicon 
operation.  This  was  done  in  order  to  study  the  effect  of  varying  the  phase  velocity,  defined  by  Eqn.  14,  of  the 
driving  wave.  Variation  of  the  phase  velocity,  in  turn,  modifies  the  resonant  energy,  which  is  defined  as  in  Eqn.  15 
and  represents  the  energy  at  which  electrons  are  resonant  with  a  wave  of  angular  frequency  co  and  wavenumber  k. 
For  electrons  that  satisfy  this  condition,  energy  may  be  transferred  directly  to  the  electrons  via  wave -particle 
interaction.  The  effect  of  the  antenna  geometry  on  resonant  wave  energy  may  thus  be  expected  to  affect  the 
ionization  efficiency  in  a  helicon  device  and  to  result  in  a  peak  in  ionization  rate  when  the  resonant  energy  dictated 
by  the  antenna  geometry  matches  the  peak  in  the  ionization  cross-section  of  the  working  gas.  There  are  several 
factors,  however,  that  cause  the  operation  of  helicon  sources  to  be  less  sensitive  to  antenna  geometry  than  would 
otherwise  be  expected.  First,  although  an  m=0  mode  antenna  is  designed  to  excite  one  primary  wavelength,  it  can 
and  does  excite  a  fairly  wide  spectrum  of  k  values. 13  Second,  although  the  dispersion  relation  shown  in  Eqn.  7  is 
valid  for  helicon  sources,  the  values  of  wavenumber,  k,  and  density,  n,  are  not  necessarily  spatially  uniform 
throughout  the  plasma  column.  The  ability  of  the  plasma  to  vary  spatially  provides  an  additional  degree  of  freedom 
by  which  the  plasma  may  adjust  to  variations  in  antenna  geometry  while  still  maintaining  a  helicon  discharge. 
Finally,  in  contrast  to  early  theories  of  helicons,  recent  studies  indicate  that  the  main  ionization  mechanism  in  a 
helicon  discharge  is  via  mode  coupling  whereby  a  lightly-damped  helicon  wave  transfers  energy  to  a  heavily- 
damped,  electrostatic  Trivelpiece-Gould  (TG)  wave,  which  in  turn  transfers  energy  to  plasma  electrons. 14  15  The 
fact  that  wave  energy  is  coupled  to  the  plasma  via  an  indirect  channel  rather  than  as  a  result  of  direct  Landau 
damping  of  the  helicon  wave  itself  suggests  that  the  ionization  efficiency  of  the  source  should  be  less  dependent  on 
the  wave  phase  velocity  than  if  the  reverse  were  true.  Nontheless,  previous  experiments  have  found  that  large 
changes  in  antenna  geometry  do  indeed  result  in  modest  changes  in  plasma  density.  For  that  reason,  the  effect  of 
antenna  geometry  was  briefly  considered  in  the  present  study. 
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The  separation  between  antenna  straps  was  varied  from  10  to  40  cm  and  at  each  value  the  applied  RF  power  was 
varied  at  a  constant  applied  magnetic  field  strength  of  1000G.  The  resulting  impedance  response  is  shown  in  Fig.  9. 
As  shown,  at  low  values  of  applied  RF  power  the  resistance  of  the  load  is  nearly  constant  for  all  values  of  L.  As 
power  is  increased,  however,  the  longest  antenna  spacing  (40  cm)  resulted  in  transition  to  the  bright,  high-resistance 
mode  of  operation  at  a  lower  power  level  (~2.8  kW)  than  the  nominal  (20  cm)  antenna  spacing,  which  required  3.2 
kW  of  input  power. 


The  approximate  equality  in  Eqn.  14  is  valid  only  for  the  primary  wavenumber  excited  by  a  half- wavelength 
antenna.  The  phase  velocity  in  the  plasma  is  not  constrained  to  equal  the  phase  velocity  excited  by  the  antenna, 
which  is  the  one  given  by  Eqn.  14. 
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Figure  9.  Impedance  response  of  a  15-cm  diameter,  cylindrical  helicon  source  operating  on  argon  as 
power  is  varied  for  three  different  m=0  mode  antenna  geometries.  The  spacing  between  the  antenna 
straps  corresponds  to  half  the  length  of  the  main  wavelength  excited  by  the  symmetric  antenna. 


After  concluding  the  initial  checkout  of  the  cylindrical  source  using  argon  propellant,  the  experiments  were 
repeated  using  xenon.  While  argon  gas  has  been  the  most  prevalent  working  fluid  for  helicon  experiments  reported 
in  the  literature,  xenon  is  a  more  common  propellant  for  electric  propulsion  applications  due  to  its  higher  atomic 
mass  which  normally  translates  to  higher  thrust  levels  for  a  given  power  level.  The  response  of  plasma  impedance 
to  changes  in  magnetic  field  strength  is  shown  in  Fig.  10  for  a  cylindrical  source  operating  on  a  xenon  flow  of  100 
seem.  The  trend  of  load  resistance  versus  magnetic  field  is  qualitatively  similar  to  the  one  shown  in  Fig.  5  for 
operation  on  argon.  A  notable  difference,  however,  is  that  the  high  resistance  peak  is  significantly  wider  for 
operation  on  xenon,  particularly  at  high  RF  power  levels. 

Figure  11  shows  the  resistance  and  reactance  of  the  xenon  plasma  load  as  the  RF  power  is  varied  at  constant 
magnetic  field  and  propellant  flow  rate.  The  trend  in  resistance,  including  the  discontinuous  jumps  that  occur  as 
power  is  increased,  is  similar  to  the  behavior  shown  in  Fig.  7  for  operation  on  argon  with  one  notable  exception. 
Operation  on  xenon  results  in  a  resistance  increase,  and  an  accompanying  increase  in  the  visible  brightness  of  the 
plasma,  at  a  significantly  lower  applied  power  than  operation  on  argon.  Figure  12  shows  the  impedance  of  the  load 
as  a  function  of  power  for  three  different  antenna  lengths  and  a  constant  magnetic  field  strength  of  1000G.  Flere  it 
can  be  seen  that  the  xenon  helicon  source  transitioned  to  a  high-resistance,  visually  bright  plasma  mode  at  an  input 
RF  power  of  600-1000W  for  each  of  the  three  antenna  configurations.  Comparison  of  Fig.  12  with  Fig.  8  shows  that 
the  transition  occurs  at  lower  power  levels  for  xenon  operation  than  for  argon  operation  regardless  of  the  antenna 
geometry.  It  can  therefore  be  concluded  that  the  difference  in  transition  power  is  not  an  effect  of  fortuitous  antenna 
length  selection.  In  other  words,  it  is  not  the  case  that  the  selected  antenna  length  is  “more  optimal”  for  xenon  than 
argon  since  the  transition  power  was  only  weakly  influenced  by  variations  in  antenna  geometry. 
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Figure  10.  Load  impedances  for  a  15-cm  diameter,  cylindrical  helicon  discharge  operating  with  a  xenon 
flow  of  100  seem.  Note  the  differences  compared  to  Fig.  5,  which  are  a  result  of  changing  the  working  gas 

from  argon  to  xenon. 
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Figure  11.  Impedance  of  a  15-cm  diameter  RF 
source  as  a  function  of  applied  power  for  constant 
magnetic  field  and  a  xenon  flow  rate  of  100  seem. 
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Figure  12.  Impedance  of  a  15-cm  diameter, 
cylindrical  helicon  operating  on  xenon  with  three 
different  m=0  antenna  lengths. 


The  observed  trend  showing  mode  transition  at  lower  powers  for  operation  on  xenon  and  higher  powers  for 
operation  on  argon  is  not  fully  understood,  but  it  may  be  an  artifact  of  a  sensitivity  to  particle  pressure  in  the  source. 
Experiments  conducted  by  other  groups  have  revealed  that  cylindrical  sources  operated  on  argon  achieve  transition 
to  a  high-density,  high-resistance  mode  at  lower  threshold  powers  when  operated  at  elevated  pressures.16  This 
phenomenon  has  been  theorized  to  be  a  result  of  increased  wave  damping  rates  stemming  from  elevated  electron 
collision  rates  that  occur  at  high  pressure,  although  experimental  data  confirming  this  hypothesis  are  limited. 17 

As  an  initial  test  of  this  hypothesis,  the  load  resistance  of  the  source  was  recorded  as  a  function  of  propellant 
flow  rate  for  both  argon  and  xenon  at  a  constant  RF  power  of  1.5  kW  and  a  magnetic  field  strength  of  1000G. 
Experimentally,  there  are  two  quantities  that  can  be  matched  when  comparing  the  flow  rates  of  different  gases:  the 
volumetric  (particle)  flow  rate  and  the  mass  flow  rate,  which  of  course  differ  as  a  function  of  the  atomic  mass  of  the 
working  gas.  Both  perspectives  are  shown  in  Fig.  13,  which  reveals  that  both  argon  and  xenon  result  in  resistance 
jumps  as  gas  flow  rate  is  increased.  For  xenon  operation  the  transition  occurs  at  a  low  flow  rate  of  37.5  seem  (~3.7 
mg/s)  and  is  followed  by  a  linear  increase  in  load  resistance  with  increasing  flow.  Argon  operation,  on  the  other 
hand,  results  in  a  relatively  high  transition  flow  rate  of  350  seem  (~5.8  mg/s),  which  is  followed  by  a  nearly  constant 
resistance  as  flow  is  increased.  The  fact  that  the  previously  studied  flow  rate  of  100  seem  was  above  the  critical 
flow  rate  for  xenon,  but  below  it  for  argon  suggests  that  the  high  power  needed  for  argon  transition  (see  Fig.  7) 
could  be  reduced  by  operating  at  higher  flow  rates.  That  this  is  indeed  the  case  is  shown  by  Fig.  14,  which  gives  the 
load  impedance  as  a  function  of  power  for  operation  at  an  elevated  argon  flow  rate  of  328.5  seem,  which  is  the  same 
mass  flow  rate  (~9.8  mg/s)  as  that  shown  previously  for  xenon  operation  at  a  volumetric  flow  rate  of  100  seem.  At 
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this  elevated  argon  flow  rate,  transition  to  the  high  resistance,  high  brightness  mode  occurs  at  an  RF  power  of  1.6 
kW  as  opposed  to  the  3.2  kW  that  was  required  at  100  seem.  Although  the  effect  of  flow  rate  is  not  yet  well 
understood,  empirical  evidence  clearly  shows  this  parameter  to  have  a  pronounced  effect  and  therefore  it  will  be  a 
subject  of  future  study. 
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Figure  13.  The  load  resistance  of  cylindrical  helicon  sources  as  a  function  of  gas  flow  rate  for  an 
incident  power  of  1.5  kW  and  magnetic  field  of  1000G. 


After  thoroughly  examining  the  operating 
space  for  a  cylindrical  helicon,  the  source 
was  transitioned  to  an  annular  mode  and  the 
experiment  repeated.  The  main  goal  of  this 
configuration  was  to  verify  that  the 
qualitative  behavior  of  the  annular  source  is 
qualitatively  similar  to  that  of  cylindrical 
sources  and  thereby  offer  initial  support  for 
previously  published  analytical  studies 
showing  that  helicons  can  exist  in  an  annular 
geometry.2,6'7  As  a  first  check  of  this,  the 
load  resistance  was  measured  as  a  function  of 
magnetic  field  strength  for  constant  power 
and  gas  flow  rate  (100  seem).  The  results, 
shown  in  Fig.  15,  can  be  directly  compared  to 
the  results  from  the  cylindrical  mode,  which 
were  given  in  Figs.  5  and  10.  Comparison  of 
these  figures  shows  that  the  behavior  of  the 
annular  source  is  very  similar  to  that  of  the 
cylindrical  one.  Specifically,  operation  on 
either  gas  results  in  a  peak  in  load  resistance  at  a  low  magnetic  field  of  approximately  50-100G.  This  peak  is 
followed  by  a  decline  to  near  the  zero-field  resistance  values.  Just  as  in  the  cylindrical  configuration,  operation  on 
xenon  results  in  an  elevated  resistance  regime  that  extends  over  a  wider  range  of  magnetic  fields  than  that  resulting 
from  operation  on  argon.  In  Fig.  15,  the  few  data  points  where  the  impedance  match  was  poor  (i.e.  when  the 
reflected  power  exceeded  5%  of  the  incident  power),  are  annotated.  In  the  case  of  imperfect  impedance  matching, 
the  assumptions  leading  to  the  derivation  of  Eqns.  11  and  12  are  invalid  and  hence  the  inferred  load  resistances  are 
unreliable. 
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Figure  14.  Impedance  of  a  cylindrical  helicon  source  as  a 
function  of  applied  power  for  a  magnetic  field  of  1000G  and  an 
arson  flow  rate  of  328.5  seem. 


The  second  parameter  that  was  varied  in  the  annular  configuration  was  power.  Figure  16  shows  the  effect  of 
varying  power  for  both  xenon  and  argon  (2  flow  rates)  at  two  different  magnetic  field  settings.  The  left  plot,  which 
shows  the  response  during  operation  on  argon,  is  qualitatively  similar  to  that  exhibited  by  the  cylindrical 
configuration.  For  the  low  flow  (100  seem)  case,  the  trend  is  similar  to  that  shown  in  Fig.  7  in  that  the  load 
resistance  is  nearly  constant  with  increasing  power  up  to  the  maximum  power  examined,  which  was  2  kW.  For  the 
high  flow  (328.5  seem)  case,  the  results  can  be  compared  with  Fig.  14.  In  both  cases,  the  resistance  initially  showed 
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a  linear  increase  with  power  followed  by  a  nearly  flat  region  as  power  was  increased  to  about  1 .5  kW.  At  this  point, 
the  cylindrical  discharge  exhibited  an  abrupt  transition  to  a  high-resistance,  high-brightness  mode  of  operation  while 
the  annular  configuration  showed  a  linear  trend  where  both  resistance  and  visual  brightness  increased  smoothly  with 
increasing  power.  The  response  of  the  xenon  load  impedance  shown  on  the  right  side  of  Fig.  16  can  be  compared 
directly  to  Fig.  11,  which  shows  data  taken  in  the  cylindrical  configuration.  In  both  cases,  an  initial  trend  where 
resistance  increases  slowly  with  applied  power  is  followed  by  a  steep  increase.  For  the  cylindrical  case,  the 
transition  occurs  at  approximately  800-1 000 W  of  applied  power  while  for  the  annular  case  the  required  power  is 
roughly  200 W  higher.  The  visual  changes  that  occur  as  power  is  increased  can  be  seen  in  Fig.  17. 
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Figure  15.  The  load  resistance  of  an  annular  helicon  source  as  a  function  of  magnetic  field  strength  for 

100  seem  flows  of  argon  (left)  and  xenon  (right). 
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Figure  17.  An  annular  helicon  at  various  power  levels  for  a  constant  magnetic  field  of  1000G  and  a 
xenon  flow  rate  of  100  seem.  The  applied  power  levels  were  a.)  200W,  b.)  1000W,  c.)  1500W,  and  d.) 

2000W. 

Finally,  for  the  sake  of  completeness,  the  distance  between  the  antenna  straps  was  varied  and  the  load 
impedance  was  recorded  as  a  function  of  power  for  the  annular  configuration.  The  results  are  shown  in  Fig.  18, 
where  the  applied  magnetic  field  was  1000G  in  each  case.  As  for  the  cylindrical  case,  operation  on  argon  reveals  a 
nearly  flat  resistance  versus  power  curve  for  input  power  levels  up  to  2  kW.  Xenon  operation  on  the  other  hand 
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Figure  18.  The  response  of  an  annular  helicon  source  to  changes  in  RF  power  and  antenna  length.  The 
left  plot  shows  operation  with  100  seem  of  Ar  flow  while  the  right  is  for  the  same  flow  rate  of  Xe. 
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results  in  a  steep  increase  resistance  once  a  critical  power  level  is  reached.  As  in  the  cylindrical  case,  the  transition 
power  is  similar  (within  -200W)  between  the  three  antenna  lengths. 


IV.  Future  Work 

Having  demonstrated  that  helicon  plasma  sources  can  be  operated  over  a  wide  range  of  gas  flows,  magnetic  field 
strengths,  and  power  levels  for  both  cylindrical  and  annular  geometries,  future  work  will  soon  turn  toward 
application  of  standard  plasma  diagnostics  to  assess  the  ionization  cost  in  the  source  as  a  function  of  key  input 
parameters.  The  first  step  in  this  process  will  be  to  make  detailed  measurements  of  plasma  density  and  electron 
temperature  so  that  these  values  may  be  combined  with  an  analytical  diffusion  model  to  estimate  ionization  costs. 
These  measurements  will  be  accomplished  by  a  combination  of  emission  spectroscopy  and  an  RF-compensated 
Langmuir  probe.  Pending  results  of  those  measurements,  a  microwave  interferometer  may  also  be  employed. 
Finally,  direct  measurements  of  ion  escape  flux  will  be  attempted  by  using  a  negatively  biased  probe  to  measure  the 
thermal  flux  of  ions  near  the  exit  of  the  device.  Following  assessment  of  these  data,  additional  plasma  diagnostics 
will  be  employed  as  warranted. 

In  addition  to  the  planned  plasma  measurements,  future  work  will  also  include  analysis  of  the  power  deposition 
mechanism  and,  in  particular,  consideration  of  how  the  annular  geometry  may  influence  the  power  deposition 
profile.  Analysis  of  the  antenna  coupling  mechanism  may  reveal  the  utility  of  examining  azimuthal  modes  other 
than  the  m=0  one  that  was  chosen  for  initial  efforts  primarily  due  to  its  experimental  simplicity  and  flexibility. 

V.  Conclusion 

Operation  of  cylindrical  and  annular  RF  plasma  sources  has  revealed  qualitatively  similar  behavior  for  both 
cases.  The  measurements  of  load  resistance  as  a  function  of  input  power,  magnetic  field  strength,  and  gas  flow  rate 
have  revealed  distinct  transitions  to  a  high-resistance,  visually  bright  plasma  mode  associated  with  transition  to  a 
wave-resonant  helicon  discharge.  Such  measurements  have  shown  the  plasma  response  to  be  strongly  dependent  on 
magnetic  field,  gas  type  and  flow  rate,  and  input  power,  but  only  weakly  dependent  on  the  length  of  the  driving 
antenna.  The  similarity  of  the  response  exhibited  by  the  annular  source  to  that  of  the  cylindrical  one  supports,  but 
does  not  yet  conclusively  prove,  the  previously  reported  analysis  suggesting  that  true  helicons  can  be  created  in  an 
annular  configuration  as  well  as  the  traditional  cylindrical  geometiy. 
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